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ABSTRACT 


Here we report the occurrence of a juvenile ankylosaur from the Upper Cretaceous locality 
Ukhaa Tolgod in southern Mongolia. The locality is well known for its exquisitely preserved 
theropods, mammals, and squamates, but until now has not yielded diagnostic ankylosaur 
material, although ankylosaur specimens are common at the site. The new specimen consists 
of a nearly complete skull with associated mandible and osteoderms that exhibits the following 
ankylosaurid synapomorphies: two pairs of osteodermal “‘horns”’ projecting from the quad- 
ratojugals and squamosals; a wide, triangular skull; a premaxillary beak edge that is not 
continuous with the maxillary tooth row; and absence of premaxillary teeth. We refer the 
specimen to Pinacosaurus grangeri based on the presence of a large premaxillary sinus, a 
quadrate not co-ossified with the paroccipital process, and several pairs of accessory openings 
in the narial region. The new specimen differs from the holotype and other specimens in 
having five pairs of openings in the narial region, indicating that extensive morphological 
variability exists in the narial anatomy of P. grangeri. 

The specimen is identified as a juvenile based on its small size and the incomplete fusion 
of secondary dermal ossifications to the skull roof, exposing sutural boundaries. Juvenile 
ankylosaur skulls are rare, but crucial for understanding the basic anatomy of the highly fused 
and apomorphic adult skull. Morphological data from the new skull and other specimens are 
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added to existing phylogenetic analyses of the Ankylosauria in order to identify diagnostic 
characters that aid in resolving ankylosaur relationships. 

The specimen also provides data on the ontogenetic sequence of secondary dermal ossifi- 
cation. Presence of dermal ossifications covering only the narial region, quadratojugals, and 
Squamosals supports the hypothesis that osteoderms in these areas appear early in ontogeny. 
Furthermore, two well-developed osteoderms were found in close apposition but unfused to 
the ventrolateral edges of the mandible. All known mandibles from adult ankylosaurs exhibit 
fusion of these elements to the underlying bones. Thus, mandibular osteoderms also appear 
relatively early but do not become fused until much later. 


INTRODUCTION 


In the early 1920s, the American Museum 
of Natural History began its Central Asiatic 
Expeditions marking the advent of intensive 
paleontological research in the Gobi Desert 
(Andrews, 1932). The exceptionally well- 
preserved fossils discovered by these early 
expeditions included dinosaur eggs and the 
skeletal remains of Mesozoic mammals, the- 
ropods, ceratopsians, and ankylosaurs. The 
first report of ankylosaurs in Asia was made 
by Gilmore (1933a), who described a partial 
right ilium and caudal centrum too fragmen- 
tary to name. Soon afterward, however, Gil- 
more (1933b) named Pinacosaurus grangeri, 
the first new taxon of ankylosaur from Asia, 
based on a skull, osteoderms, and anterior 
cervical vertebrae from specimens found at 
Bayn Dzak. 

The last of the Central Asiatic Expeditions 
took place in 1930, after which date Ameri- 
can paleontologists would not return to the 
Gobi for nearly 60 years (Novacek, 1996; 
Gallenkamp, 2001). Swedish, Canadian, Pol- 
ish, and Russian scientists, however, contin- 
ued to collaborate with their Mongolian and 
Chinese colleagues, and their expeditions re- 
covered several new taxa of ankylosaurs 
such as Talarurus (Maleev, 1952), Saichania 
and Tarchia (Maryanska, 1977), Amtosaurus 
(Kurzanov and Tumanova, 1978), Shamo- 
saurus (Tumanova, 1983), and Tsagantegia 
(Tumanova, 1993). More recently described 
ankylosaur material from China includes 
Shanxia (Barrett et al., 1998), Tianzhenosau- 
rus (Pang and Cheng, 1998), and Gobisaurus 
(Vickaryous et al., 2001a). 

Despite discoveries of new taxa, Pinaco- 
saurus grangeri remains the best known 
Asian ankylosaur, represented by over 15 
specimens (Coombs and Maryanska, 1990), 
including a nearly complete skeleton, trunk 


osteoderms, and several well-preserved 
skulls. Several of these specimens have been 
found in associations (Jerzykiewicz et al. 
1993; Norell, personal obs.) suggesting that 
these animals may have been social. Young 
(1935) named P. ninghsiensis from the Late 
Cretaceous of Ningxia Province, China. This 
taxon is now considered a junior synonym of 
P. grangeri, as is Syrmosaurus viminicaudus, 
which consists of fragmentary remains de- 
scribed by Maleev (1952). Recently, Gode- 
froit et al. (1999) described a new taxon, Pin- 
acosaurus mephistocephalus, from the Late 
Cretaceous of China. This species differs 
considerably from P. grangeri in characters 
of the narial anatomy and secondary dermal 
*‘horns’’. 

American Museum expeditions to the 
Gobi resumed in 1990, and by 1993 several 
new fossil localities were discovered, includ- 
ing the richly fossiliferous Ukhaa Tolgod 
(Dashzeveg et al., 1995). To date, Ukhaa Tol- 
god has produced approximately 1000 spec- 
imens each of mammals and lizards, and 
abundant remains of theropods, ceratopsians, 
and ankylosaurs (Gao and Norell, 2000). 
Here we report the first diagnostic ankylo- 
saur material to be described from Ukhaa 
Tolgod. 

Institutional Abbreviations: AMNH, 
American Museum of Natural History, New 
York; DMNH, Denver Museum of Natural 
History; IGM, Institute of Geology, Ulaan 
Baatar, Mongolia; IMM, Inner Mongolia 
Museum, Hohhot; IVPP, Institute for Ver- 
tebrate Paleontology and Paleoanthropology, 
Beijing; PIN, Paleontological Institute, Mos- 
cow; ZPAL, Institute of Paleobiology (Zak- 
lad Paleobiolgii) of the Polish Academy of 
Sciences, Warsaw. 


GEOLOGICAL SETTING 


For over 75 years (Andrews, 1932) ver- 
tebrate fossils have been collected from Late 
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Map of Mongolia showing major fossiliferous localities, including Ukhaa Tolgod, where the 


new specimen of Pinacosaurus grangeri was found. Modified from Gao and Norell (2000). 


Cretaceous localities throughout the Nemegt 
Basin of southern Mongolia. Most of these 
localities can be assigned, based on faunal 
composition and lithology, either to the Mid- 
dle Campanian Djadokhta Formation or to 
the Late Campanian Barun Goyot Formation, 
although precise ages are unknown (see Lil- 
legraven and McKenna, 1986 and Gao and 
Norell, 2000). Among the most productive of 
these localities is Ukhaa Tolgod (“‘brown 
hills’’; fig. 1). Discovered in 1993, the local- 
ity has yielded exceptionally well-preserved 
fossils, including small mammals, lizards, 
and abundant dinosaur remains (Dashzeveg 
et al., 1995). The most spectacular finds in- 
clude fully articulated skeletons of ovirapto- 
rids (Clark et al., 2001), some preserved in 
birdlike brooding postures (Norell et al., 
1995; Clark et al., 1999), or with embryos 
and eggs (Norell et al., 1994). Other dinosaur 
lineages are represented, including dromaeo- 
saurids, alvarezsaurids, troodontids, ceratop- 
sians, and ankylosaurs (Norell, 1997, Gao 


and Norell, 2000). The new specimen (IGM 
1000/1014) was collected at the Camel’s 
Humps locality in the floor of a large quarry 
on the eastern flank of this escarpment. 

The precise stratigraphic and temporal po- 
sition of Ukhaa Tolgod is not known, as this 
locality yields mammal specimens previous- 
ly thought to be unique to each of the two 
major geological formations in the region 
(Gradzinski et al., 1977). Gao and Norell 
(2000) showed that the faunas cannot be dis- 
tinguished on the basis of fossil lizards, the 
most common fossil vertebrates recovered at 
these localities. Thus the distinction between 
the Djadokhta and Barun Goyot Formations 
is blurred. However, Dashzeveg et al. (1995) 
and Loope et al. (1998) have suggested that 
Ukhaa Tolgod resembles most closely the 
Flaming Cliffs locality (Bayn Dzak), the type 
section of the Djadokhta Formation, in its li- 
thology. Both localities are comprised of bas- 
al massive sandstones, overlain by thick, 
highly fossiliferous aeolian deposits, and fi- 
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nally a sequence of fluvial facies consisting 
of interbedded sandstones, mudstones, and 
conglomerates. 


SYSTEMATIC PALEONTOLOGY 
DINOSAURIA OWEN, 1842 
ORNITHISCHIA SEELEY, 1887 


THYREOPHORA NOPCSA, 1915 
(SENSU NORMAN, 1984) 


ANKYLOSAURIA OSBORN, 1923 
ANKYLOSAURIDAE BROWN, 1908 


PINACOSAURUS Gilmore, 1933b 
(= Syrmosaurus Maleev, 1952) 


TYPE SPECIES: Pinacosaurus grangeri Gil- 
more, 1933b. 

INCLUDED SPECIES: Type species and P. 
mephistocephalus Godefroit et al., 1999. 

AGE AND DISTRIBUTION: ?Late Santonian— 
Late Campanian of Mongolia and People’s 
Republic of China. 

REVISED DIAGNOSIS: Medium-sized anky- 
losaurid, attaining approximately 5 m in 
length, with skull longer than wide in adult; 
premaxillary beak edge not covered by sec- 
ondary dermal ossifications; large, rostrally 
facing nares roofed by osteoderms; premax- 
illary struts define at least two additional 
openings in narial region, leading to an ex- 
tensive premaxillary sinus; prominent, horn- 
like protuberances above orbit formed by la- 
teralmost supraorbital bone; lacrimal incisure 
(marked pinching of snout in lacrimal region 
so that the orbits and narial region project 
laterally beyond the incisure); beak only 
slightly wider than distance between caudal- 
most maxillary teeth; quadrate not co-ossi- 
fied with the paroccipital process; quadrate 
cotyla lying directly below caudal margin of 
orbit. 


Pinacosaurus grangeri Gilmore, 1933b 
(= P. ninghsiensis Young, 1935; 
Syrmosaurus viminicaudus Maleev, 1952) 


HoLoTyPpE: AMNH 6523, dorsoventrally 
crushed skull and mandible with several as- 
sociated osteoderms, atlas and axis. 

TyPE LocALity: Djadokhta Formation, 
Shabarakh Usu, Mongolia (e.g., ““The Flam- 
ing Cliffs’’). 

REFERRED SPECIMENS: Uncataloged IVPP 
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specimens; IGM 100/1014; PIN 614, uncat- 
aloged PIN specimens; ZPAL MegD-II/1, 
ZPAL MgD-II/2, ZPAL MgD-II/7, ZPAL 
MgD-II/9, ZPAL MgD-II/27, ZPAL MgD-II/ 
31, ZPAL MgD-II/32. 

DIAGNosIs: As for genus; Pinacosaurus 
with squamosal dermal ossifications present 
as weakly developed pyramids, not long 
spines as in P. mephistocephalus. 

DISCUSSION: Abundant material collected 
by the Sino-Swedish, Polish-Mongolian, 
Sino-Canadian, and Russian-Mongolian ex- 
peditions has been referred to P. grangeri or 
Pinacosaurus sp. Most of the cranial material 
collected by these teams has represented ju- 
venile or subadult individuals. All specimens 
of Pinacosaurus feature the distinctive set of 
characters found in the holotype, including a 
highly specialized narial region with at least 
three pairs of openings, prominent hornlike 
protuberances above the orbits, and lack of 
secondary dermal ossifications on the exter- 
nal rostroventral portion of the premaxillary 
beak. The holotype skull, however, also dif- 
fers considerably from the numerous sub- 
adult crania that have been referred to the 
genus. The skull is longer than wide, with a 
narrow premaxillary beak and palate. Mar- 
yanska (1977) has attributed this condition to 
taphonomic processes, but the relatively mild 
distortion of the pterygoids and premaxillae 
suggests that the postdepositional reworking 
of this specimen was limited to dorsoventral 
crushing. Nevertheless, skulls subsequently 
referred to P. grangeri consistently exhibit 
the typical ankylosaurid condition of a skull 
and premaxillary palate that is wider than 
long. 

A narrow skull can be found in more basal 
thyreophorans such as Emausaurus ernsti, 
Scelidosaurus harrisonii, and stegosaurs. 
The primitive ankylosaurids Tsagantegia 
longicranialis and Shamosaurus scutatus 
also exhibit this condition. The presence of 
a narrow skull in adult Pinacosaurus may be 
just one indicator of a phylogenetic affinity 
with these more primitive genera that has 
previously been obscured, as many of the 
characters considered diagnostic for the ge- 
nus (and indeed, for suprageneric ankylosau- 
rian taxa) have been scored from juvenile 
skulls that do not exhibit all features of the 
adult. In particular, the exceptionally com- 
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Fig. 2. Pinacosaurus grangeri. IGM 100/1014. Dorsal view of skull. See appendix 4 for abbrevia- 


tions. Scale bar equals 5 cm. 


plete skull of P. grangeri described by Mar- 
yanska (1971; 1977), ZPAL MgD-II/1, is fre- 
quently cited as displaying typical ankylo- 
saurid morphology, despite the fact that it 
represents a juvenile individual (e.g., Sereno, 
1986; Coombs and Maryanska, 1990). 


DESCRIPTION 


GENERAL DESCRIPTION: The new specimen 
(IGM 100/1014) is a nearly complete skull 
with both hemimandibles preserved intact 
along with the predentary. The skull has been 
subjected to some dorsoventral crushing and 
shearing, and the bones roofing the right an- 
torbital region have been severely broken 
and lost. The skull is slightly larger than 
ZPAL MgD-II/1 in all dimensions, and it ex- 


hibits greater development of dermal sculp- 
turing over the nasals, which comprise the 
rostral half of the skull roof. Fusion of sec- 
ondary dermal ossifications to the more cau- 
dal portion of the skull roof has not occurred, 
and this allows sutural boundaries to be read- 
ily identified. The skull was prepared me- 
chanically and the left mandible removed. It 
was then subjected to computed tomography 
(CT or CAT scanning), allowing assessment 
of some structures still located within matrix, 
although crushing and radiodense mineral 
deposits complicate interpretation. 

SKULL ROooF (fig. 2): The frontals are sub- 
Square and comprise the central portion of 
the caudal half of the skull roof. They are in 
contact with the nasals and prefrontals ros- 
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Fig.3. 
4 for abbreviations. Scale bar equals 2 cm. 


trally, and the supraorbitals (= postfrontals 
of Maryanska, 1971) and postorbitals later- 
ally. Unlike ZPAL MegD-II/1, the parietals 
are fused, a condition that has been described 
previously among ankylosaurs only in Minmi 
paravertebra (Molnar, 1996), Pinacosaurus 
mephistocephalus (Godefroit et al., 1999), 
and Cedarpelta bilbeyhallorum (Carpenter et 
al., 2001); in other ankylosaurids, parietal fu- 
sion cannot be assessed due to the sutural 
boundaries being obscured by overlying os- 
teoderms. Because the other sutures have re- 
mained unfused in this individual, fusion of 
the parietals appears to be the first step in the 
extensive fusion of the entire skull roof 
known in adult ankylosaurs. The single, 
fused parietal element contacts the squamo- 
sals and postorbitals laterally. A few small, 
unfused osteoderms are present at the rostro- 
lateral corners of the parietal, extending lat- 
erally over the postorbitals. There is no de- 
velopment of a “‘tabular’’ element as de- 
scribed by Maryanska (1971). 

The skulls of ZPAL MegD-II/1 and IGM 
100/1014 share a wide, equilateral triangular 
outline in dorsal view, with prominent horn- 
like supraorbital protuberances (postsupraor- 
bitals of Maryanska, 1971) and much smaller 
osteoderms extending caudolaterally from 
the squamosal region. Thus, in both speci- 
mens, the widest point of the skull roof is 
across the supraorbital elements. The dermal 
skull roof does not extend far enough cau- 


Pinacosaurus grangeri. IGM 100/1014. Stereopairs of skull in occipital view. See appendix 


dally to obscure the occiput in dorsal view, 
although this character may be exaggerated 
by the dorsoventral crushing of the specimen. 

OCCIPITAL REGION AND BRAINCASE (fig. 3): 
The basioccipital is badly crushed dorsoven- 
trally, and much of its original morphology 
and that of the occipital condyle are difficult 
to interpret. A saddle-shaped depression on 
the underside of the basioccipital is present, 
as in Nodocephalosaurus (Sullivan, 1999), 
but there is no evidence of a distinct “‘neck”’ 
encircling the occipital condyle. The condyle 
is composed entirely of the basioccipital, and 
the articular surface appears to have been an- 
gled ventrally from the plane of the maxil- 
lary tooth rows. As in all ankylosaurs, the 
occiput of IGM 100/1014 is low and rect- 
angular, and wider transversely than it is 
high. The small, subrectangular supraoccipi- 
tal articulates suturally with the exoccipitals, 
and is largely excluded from the foramen 
magnum. The exoccipitals are high, rostro- 
caudally compressed, and appear only loose- 
ly associated with the quadrate and squa- 
mosal. CT scans confirm that the paroccipital 
processes are not fused to the squamosal, as 
in Saichania, nor are they fused to the quad- 
rates, as in nodosaurids. The exoccipitals 
comprise the lateral borders and most of the 
dorsal border of the foramen magnum. Two 
small, rugose tuberosities, like those men- 
tioned by Maryanska (1977), lie on the lat- 
eral border of the foramen magnum, imme- 
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Fig. 4. Pinacosaurus grangeri. IGM 100/1014. Stereopairs of narial region in left anterolateral view 
showing narial apertures and recesses. See appendix 4 for abbreviations. Scale bar equals 2 cm. 


diately dorsal to the articulation of the ex- 
occipitals with the basioccipital. 

The foramen for the hypoglossal nerve 
(C.N. XII) can be seen in the lateral edge of 
the exoccipital near its base. Immediately 
rostral to this foramen is another foramen for 
the exit of the glossopharyngeal, vagus, and 
accessory nerves (C.N. [X—XI). Other details 
of the braincase can be observed only in the 
CT scans. Most features are in agreement 
with Maryariska’s (1977) description of 
ZPAL MgD-I/1, but the intact (i.e., unpre- 
pared) nature of much of the braincase of 
IGM 100/1014 allows clarification of some 
attributes with CT. For example, the otic ves- 
tibule opens broadly to the cranial cavity 
suggesting that the medial wall of the inner 
ear 1S poorly ossified and would have been 
cartilaginous in life; whether this reflects ju- 
venile status is unknown, although an otic 
vestibule that is medially open to varying ex- 
tents has been observed by one of us 
(L.M.W.) in CT scans of presumably adult 


Edmontonia, Stegosaurus, and some other 
dinosaurs. As perhaps in ankylosaurs gener- 
ally, the rostrolateral wall of the braincase is 
strongly ossified, with a stout laterosphenoid 
broadly contacting the parietal dorsally and 
with an orbitosphenoid in front that contacts 
both the parietal and frontal. 

NARIAL REGION (fig. 4): The rostral surface 
and tomial (ventral) margin of the beak is 
devoid of osteoderms, as is the case in most 
Asian ankylosaurids. Long caudolateral 
(maxillary) processes of the premaxillae ob- 
scure the most rostral maxillary teeth in lat- 
eral view. The dorsal (nasal) processes form 
an internarial bar that is visible far caudally 
between adjacent osteoderms. CT scans con- 
firm that the internarial bar is prolonged ven- 
trally as an internasal septum. The CTs reveal 
occasional gaps in the septum, but these are 
best attributed to postmortem or postdeposi- 
tional damage to the septum, which is paper 
thin in some sections. Contribution of the na- 
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sal bone to this septum appears to be rela- 
tively slight. 

Comparison of available specimens of 
Pinacosaurus reveals variation in the number 
of openings (real or otherwise, see below) in 
the narial region. AMNH 6523 and ZPAL 
MegD-II/1 each have three apparent apertures 
per side, which, for the sake of discussion, 
may be labeled A, B, and C (fig. 5). Godefroit 
et al. (1999) reported four pairs of openings 
in the holotype of P. mephistocephalus 
(IMM 96BM3/1). The new skull, IGM 100/ 
1014, clearly has five such structures, which 
are better seen on the left side than on the 
badly damaged right side. Given that most 
authors (e.g., Godefroit et al., 1999: 29) re- 
gard such narial differences as ‘“‘indubitable 
specific characters’’, further discussion is 
warranted. 

Opening A is clearly the entrance to the 
airway, and represents the “‘true’’ bony nos- 
tril, as recognized by all modern authors 
(Maryanska, 1971, 1977; Tumanova, 1987; 
Coombs and Maryanska, 1990; Godefroit et 
al., 1999). Gilmore (1933b) regarded C as 
the airway entrance, but we can confirm 
Maryanska’s (1971, 1977) suggestion that 
AMNH 6523 preserves A. Opening A in 
IGM _ 100/1014 is very similar to those in 
ZPAL MgD-II/1 and AMNH 6523 in being 
bounded dorsally by two osteoderms (or os- 
teodermal masses), with A forming an inci- 
sure between the two. Similarly, in all these 
skulls A is separated from C by a transverse- 
ly thin, laminar bar of bone that CT scans 
show is concave medially. 

Structure B is located caudolaterally fully 
within the premaxilla. This is the “gland 
opening” of Maryarska (1977) and Gode- 
froit et al. (1999). In all known skulls, this 
structure has a well-marked fossa around it. 
The apparent shape of the structure in ZPAL 
MgD-I/1 and IMM 96BM3/1 is more or less 
round, whereas in the holotype and IGM 
100/1014 it is larger and more rostrocaudally 
elongate. Structure B in IGM 100/1014 re- 
sembles AMNH 6523 and ZPAL MgD-I/1 
in being located caudally near the contact 
with the maxilla, whereas IMM 96BM3/I1 is 
unique in being more rostrally located. 

Previous workers have regarded B as an 
aperture, that is, an opening leading inter- 
nally into the premaxillary (or even maxil- 
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lary) sinus system (Maryanska, 1971, 1977; 
Tumanova, 1987; Coombs and Maryaniska, 
1990; Witmer, 1997a). Godefroit et al. (1999: 
24), however, noted that “‘this opening is... 
completely closed”? in IMM 96BM3/1. One 
of us queried P. Godefroit about the seeming 
incongruity of a “closed opening’’, and he 
replied that indeed structure B is not an open- 
ing at all, but is “‘a depression [rather] than 
a true opening” (personal comm. from P. 
Godefroit to L.M.W., 30 August 2001). 
Moreover, Godefroit kindly reexamined 
IMM 96BMs3/1 in China and confirmed ‘“‘that 
our [Godefroit et al., 1999] ‘gland opening’ 
is completely closed, [forming] some kind of 
cup-shaped depression’’ (personal comm. 
from P. Godefroit to L.M.W., 7 November 
2001). Close inspection of ZPAL MgD-II/1 
failed to reveal conclusive evidence that the 
margins of the “‘opening’’ were not broken, 
and the possibility must be entertained that a 
thin bony floor may have been present in 
structure B and subsequently lost. CT scans 
of IGM 100/1014 are not as conclusive as 
might be hoped due to crushing and damage, 
but some slices may support the fossa hy- 
pothesis in that a thin wall of bone remains 
embedded in matrix 6—19 mm medial to the 
external margin of B. The significance here 
is that a foramen and a fossa are fundamen- 
tally different. If B is a foramen, as typically 
conceived, then it represents an additional 
opening into the premaxillary sinus (with C 
being the other, see below). If B is a fossa, 
however, then it implies a soft-tissue struc- 
ture residing externally within the nasal ves- 
tibule that may have nothing to do with any 
sinuses. Clearly, CT scans of a well-pre- 
served but generally unprepared specimen 
are needed. 

Determination of the soft-tissue relations 
and hence function of structure B is perhaps 
moot pending conclusive evidence corrobo- 
rating or refuting its status as a fossa. Al- 
though Maryanska (1971, 1977) regarded it 
as an aperture, her proposed function for it— 
housing a nasal salt gland—is actually more 
consistent with the fossa hypothesis. Osm6ol- 
ska (1979; see also Tumanova, 1987) ac- 
cepted this gland hypothesis and extended it 
beyond Pinacosaurus to many other dino- 
saurs. Extant archosaurs and other sauropsids 
indeed possess a nasal gland that often is in- 
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Fig. 5. Pinacosaurus grangeri. Narial regions in left anterodorsolateral view showing the diversity 
and proposed homologies of the narial apertures and recesses. A, AMNH 6523. B, ZPAL MgD-II/1. C, 
IGM 100/1014. See appendix 4 for abbreviations. Scale bars equal 2 cm. 
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volved in electrolyte balance and salt excre- 
tion; according to Witmer (1995, 1997a), the 
nasal glands of extant archosaurs (birds and 
crocodilians) are homologous, as is their po- 
sition well caudal to the nasal vestibule and 
premaxilla. Thus, there is ample evidence 
that dinosaurs such as Pinacosaurus had a 
well-developed nasal gland but that it was 
not located in the premaxilla. Of course, it is 
possible that some unknown gland was pre- 
sent, but this hypothesis is probably untest- 
able (Witmer, 1997a). A vascular function for 
structure B is perhaps more likely given that, 
based on CT studies of ZPAL MgD-II/1 and 
IGM 100/1014, branches of the maxillary ar- 
tery open into the structure’s caudal margin 
(see below). Masses of highly vascular narial 
cavernous (erectile) tissue have been inferred 
for other extinct archosaurs (Witmer, 2001), 
and thus B may have housed a particularly 
large mass. 

Whereas all known skulls referred to Pin- 
acosaurus have a single A and B on each 
side, the apertures labeled C in figures 4 and 
5 are the most variable in number. AMNH 
6523 (fig. SA) and ZPAL MgD-II/1 (fig. 5B) 
have just a single opening C per side, where- 
as IMM 96BM3/1 has two and IGM 100/ 
1014 (fig. 5C) has three. This variation ap- 
pears to be real. Based on CT scans of ZPAL 
MgD-II/1 and IGM 100/1014, we can cor- 
roborate Maryanska’s (1977) and Tumano- 
va’s (1987) observation that aperture C opens 
into a relatively large sinus system within the 
premaxilla. CT scans of IGM 100/1014 re- 
veals that the “bony bridge’? (Maryanska, 
1971: 48) dividing A and C in ZPAL MgD- 
II/1 is actually a thin wall of bone separating 
the nasal airway (into which A opens) from 
the sinus (into which C opens); some work- 
ers have regarded this “‘bony bridge”’ as the 
septomaxilla (but see below). C; in IGM 100/ 
1014 is the smallest of the three C apertures 
and is separated from its contralateral fellow 
by a thin median septum of premaxilla. This 
septum is incomplete in some CT slices but 
probably was intact in life. C, overlies the 
premaxillary sinus rostrally and opens into it 
caudally. The aperture labeled C, in figure 
5C (GM 100/1014) is most comparable to 
aperture C in the other specimens and ap- 
pears to be the principal opening into the si- 
nus. Aperture C; is more horizontal and also 
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opens broadly into the sinus. The variation 
in the number of C openings among the spec- 
imens is curious and may represent species- 
level differences. However, given their open- 
ing into a presumably pneumatic sinus and 
the inherent variability of pneumatic aper- 
tures in general (Witmer, 1997a, 1997b), it 
may be more likely that these are individual 
variants of little systematic significance. A 
larger sample is necessary to resolve this is- 
sue. 

As mentioned above, the bone separating 
aperture A from aperture C (or C,) was re- 
garded by Maryanska (1971) and especially 
Tumanova (1987) as the septomaxilla. The 
vomeronasal (VNO, Jacobson’s) organ 
would have been ventral to this bony lamina, 
according to Tumanova (1987). As additional 
evidence, both authors cited rostrally placed 
foramina in the premaxillary palate, which 
they attributed to the VNO. We join Gode- 
froit et al. (1999) in rejecting this assessment. 
First, the septomaxilla is an element that has 
never been reliably identified in any crown- 
group archosaur. Moreover, our CT scans 
show complete continuity of the definitive 
premaxilla with the bone under question, 
and, again, the bone is a wall between two 
spaces, not a bridge. The palatal foramina are 
almost certainly nothing more than the ap- 
ertures transmitting the vascular anastomosis 
between the palatal and narial vessels; such 
anastomoses (with attendant foramina) are a 
typical feature of amniotes in general and di- 
nosaurs in particular (Witmer, 2001). 

Based on CT scans of IGM 100/1014 and 
ZPAL MgD-I/1, we can identify at least two 
major premaxillary spaces on each side, the 
vestibulum nasi (nasal vestibule) and the pre- 
maxillary sinus. Scans of IGM 100/1014 (fig. 
6) suggest that these two spaces did not com- 
municate broadly, if at all (except to transmit 
nerves and vessels). There are some gaps in 
the partitions between the vestibule and si- 
nus, but it cannot be ruled out that these are 
artifacts of preservation. The nasal vestibule 
comprises the main airway, conducting in- 
spired air from the fleshy nostril through ap- 
erture A (the bony nostril) into the main nasal 
cavity. As mentioned above, two osteoder- 
mal masses cover the nasal vestibule, and 
each osteoderm bears a small recess or sinus 
associated with the vestibule. The medial of 
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the two vestibular recesses extends far ros- 
trally (at least in ZPAL MgD-II/1), well ros- 
tral to A, and is floored ventrally by the pre- 
maxilla and dorsally by the medial osteo- 
derm. The lateral vestibular recess is housed 
solely in the lateral osteoderm; the internal 
surface of the osteoderm is very smooth, 
commensurate with it being lined with car- 
tilage and/or mucosa, whereas the outer sur- 
face is highly sculptured ‘“‘surface bone’’. 
The maxillary neurovascular (dorsal alveo- 
lar) canal opens into the floor of the vestibule 
caudolaterally, just as the canal sends a small 
branch laterally to open into structure B (see 
above). 

The premaxillary sinus is a relatively large 
cavity. Aperture C opens into the sinus ros- 
trally, and the sinus decreases in volume cau- 
dally, pinching out caudomedially at the ex- 
pense of the expanding nasal vestibule. There 
is no compelling evidence for subdivision 
within the sinus, despite Maryanska (1977: 
120) regarding it as “‘multichambered’’. That 
is, there is virtually no consistent septation 
within the sinus. As mentioned above, some 
CT slices of IGM 100/1014 show evidence 
for a potentially complete medial wall for 
structure B, but, if it truly is a fossa, then this 
would mean that B projects into the sinus and 
is not topologically a part of it. The assump- 
tion has always been that the premaxillary 
sinus is an air sinus (Coombs and Maryan- 
ska, 1990; Witmer, 1999), and this remains 
the most likely hypothesis. 

PALATE (fig. 7): The premaxillary palate is 
wider than long, parallel-sided, and only 
slightly rounded at its rostral edge. The new 
specimen exhibits a flattened premaxillary 
palate, unlike the strongly ventrally convex 
condition found in ZPAL MgD-II/1, and the 
deeply concave palates of adult North Amer- 
ican ankylosaurids. This may represent a fea- 
ture that varies with ontogeny in ankylosaurs. 
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Fig. 6. Pinacosaurus grangeri. IGM_ 100/ 
1014. A, B, C, Computed tomographic (CT) slices 
through the narial region showing internal anato- 
my and location of sinuses, recesses, and aper- 
tures. D, Ventral view of skull showing location 
of slices for A, B, and C above. See appendix 4 
for abbreviations. Scale bar equals 2 cm. 
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The maxillary tooth rows are deeply inset 
(emarginated) from the edge of the skull, as 
is typical of ankylosaurs. The right maxilla 
is obscured in palatal view by the right hem- 
imandible, which has been crushed against it. 
The left maxilla, although distorted, is visi- 
ble, and bears 14 teeth in a straight tooth 
row. The teeth are leaf-shaped, as is charac- 
teristic of many ornithischians, and each one 
bears vertical striations dividing the crown 
surface into eight cusps. There is no devel- 
opment of a bandlike cingulum encircling the 
lower portion of the tooth crowns. There is 
little to no wear on any of the teeth. 

As in ankylosaurs generally (and indeed 
most thyreophorans), the ventral surface of 
the skull is dominated by a large palatal va- 
cuity or choanal recess. The choanal recess 
is bounded by the premaxilla rostrally, the 
maxilla and ectopterygoid laterally, and the 
pterygoids caudally. The choana itself is lo- 
cated rostrodorsally within the recess be- 
tween premaxilla, maxilla, palatine, and the 
conjoined vomer and pterygoids. The vomers 
and pterygoids form a narrow, sheetlike pal- 
atal keel, which extends ventrally to the level 
of the maxillary tooth crowns. No clear su- 
tures between vomer and pterygoid can be 
discerned, even in the CT scans, although the 
median suture between left and right sides is 
present throughout its length. The vomerop- 
terygoid flares laterally and dorsally where it 
contacts the palatine. The palatine in IGM 
100/1014 is generally similar to that in ZPAL 
MgD-HI/1 and other ankylosaurians in being 
recessed dorsally within the choanal recess. 
There is a peculiar aperture between the pal- 
atine and pterygoid located at the dorsome- 
dial juncture of the two bones. Maryanska 
(1977) referred to this structure as the “‘cau- 
dal palatal foramen’’, although “‘pterygopa- 
latine fenestra” is probably more appropri- 
ate. The same structures are present in ZPAL 
MegD-II/1 where they have irregular edges, 
and it is not clear whether these are preser- 
vational artifacts. In IGM 100/1014, how- 
ever, the right palatine seems to have a com- 
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plete margin to the fenestra. Likewise, such 
fenestrae were described and illustrated for 
Saichania (Maryanska, 1977), suggesting 
they are real. Tumanova’s (1987) identifica- 
tion of fossae, not fenestrae, in this region in 
Tarchia, however, makes the status of pter- 
ygopalatine fenestrae in ankylosaurs unclear 
or at least variable. The palatines of IGM 
100/1014 also have several ventral recesses 
that are presumably pneumatic in origin 
(Maryanska, 1977). Consistent with the 
pneumatic interpretation is the fact that the 
pattern of recesses is asymmetrical and var- 
iable among specimens. 

The pterygoid bones are retracted caudo- 
medially where they form a more or less 
transverse lamina that backs the choanal re- 
cess. There is a foramen on each side (rostral 
and caudal) of the transverse lamina. It seems 
likely that the foramina communicate—Mar- 
yanska (1977) assumed they did in ZPAL 
MegD-II/1—but they do not do so demonstra- 
bly in either specimen and CT scans are in- 
conclusive. Assuming they do communicate, 
they likely transmit the palatine branches of 
the internal carotid artery and facial nerve. 
The pterygoid flange is a relatively slender 
process that broadly contacts the ectoptery- 
goid bone rostrally; it forms much of the ros- 
tral margin of the subtemporal fenestra. The 
ectopterygoid is a relatively small element 
contacting the maxilla and pterygoid and in- 
terposed between the subtemporal fenestra 
caudally and suborbital fenestra rostrally. 
The suborbital fenestra in Pinacosaurus is 
reduced to a small foramen between maxilla, 
ectopterygoid, and palatine. There is a 
groove running rostrally from the suborbital 
fenestra that passes just dorsomedial to the 
teeth (clearer on ZPAL MgD-II/1) and con- 
ducted the palatine branch of the palatomax- 
illary vessels. Ankylosaurus magniventris 
(AMNH 5214) exhibits the same anatomy, 
and this is perhaps a much more general fea- 
ture. 

The quadrates, although displaced laterally 
after burial, were vertically oriented and de- 


Fig. 7. Pinacosaurus grangeri. IGM 100/1014. A, Stereopairs of whole skull in ventral view. B, 
Stereopairs of anterior part of skull in ventral and slightly left lateral view. See appendix 4 for abbre- 


viations. Scale bars equal 2 cm. 
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scend directly behind the orbits so that the 
expanded quadrate cotyla lies just below the 
caudal border of the orbit. The rostral surface 
of the quadrate is flat, not deeply excavated 
as in certain nodosaurids. The dorsoventrally 
narrow pterygoid ramus of the quadrate in 
this specimen is an ankylosaurian synapo- 
morphy (Sereno, 1986). 

CRANIOFACIAL ORNAMENTATION (figs. 2, 4): 
There has been considerable debate as to the 
developmental nature (and terminology) of 
the ornamentation of the skulls of ankylo- 
saurs (e.g., Maryanska, 1977; Coombs, 1978; 
Molnar, 1996; Carpenter et al., 2001; Vick- 
aryous et al., 2001b). We generally follow 
the nomenclature of Vickaryous et al. 
(2001b), and our studies fully support their 
contention that cranial ornaments in ankylo- 
saurs develop both as osteoderms that fuse 
to the skull bones and as elaborations or out- 
growths of individual cranial elements. Pin- 
acosaurus, particularly ZPAL MgD-II/1, has 
been an important player in these debates, 
and IGM 100/1014 provides further infor- 
mation. Sullivan (2000: 218) examined the 
skull of IGM 100/1014 (then identified by its 
field number, MAE 95-94) and noted that it 
was “‘totally devoid of cranial osteoderms’’. 
However, the specimen bears numerous os- 
teoderms overlying the rostral portion of the 
skull roof. There are also small osteoderms 
in the vicinity of the parietal, as well as the 
highly developed quadratojugal ‘“‘horns’’. 
These ossifications can be distinguished from 
simple dermal sculpturing and rugosities of 
the existing cranial elements. 

In contrast to the relatively smooth fron- 
tals, the nasals are highly sculptured and ru- 
gose. A prominent ridge runs caudolaterally 
from the left nasal onto the adjacent prefron- 
tal, and is interrupted only by the suture be- 
tween these two bones. Thus, even well-de- 
veloped dermal sculpturing of skull elements 
does not cross sutural boundaries. In some 
areas, additional osteoderms overlie the 
sculptured areas but remain unfused to them. 
For example, at the rostral tips of the nasals, 
two oblong dermal rugosities are each 
capped with a small (~0.5 cm) osteoderm. 
Additional osteoderms of similar size overlie 
the nasals farther caudally. These osteoderms 
have been preserved in situ and are separated 
from the actual bones of the skull by a thin 
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layer of sandy matrix. At the rostrolateral 
corners of the parietal, two small, flattened 
osteoderms are present, crossing laterally 
onto the surface of the postorbital. Unlike 
dermal sculpturing, these elements may cross 
sutural boundaries and overlie more than one 
cranial element. A final example is a small 
osteoderm located directly behind the pre- 
maxilla and attached to the maxilla that con- 
tinues the course of the premaxillary tom- 
ium. This small osteoderm also is present in 
ZPAL MgD-II/1, where, as in IGM 100/ 
1014, it can clearly be seen to be a separate 
element attached to the maxilla because only 
the left one is present and the element has 
fallen off on the right side. In older individ- 
uals of other ankylosaurid species (the adult 
P. grangeri, AMNH 6523, does not show 
this region), this osteoderm becomes a much 
larger structure that is fused to adjacent ele- 
ments. 

MANDIBLE (fig. 8): Both hemimandibles 
are preserved, as is the slender predentary. 
The right hemimandible and predentary are 
still associated with the skull, while the left 
hemimandible was removed and prepared 
separately. The mandible features a straight 
ventral margin in lateral view, with no down- 
turning of the rostral edge as seen in nodo- 
saurids. The coronoid process is low and 
rounded and does not project above the level 
of the dentary tooth row. The Meckelian sul- 
cus is deep and communicates caudally with 
the deep mandibular fossa between the post- 
dentary bones. The predentary is broad and 
bracket-shaped, with a rudimentary caudo- 
ventral process. The predentary bears nu- 
merous neurovascular foramina, presumably 
to serve a rhamphotheca. A_ subtriangular, 
rostrocaudally elongate osteoderm is associ- 
ated with each hemimandible but is not fused 
to the underlying bone. CT scans confirm 
that the osteoderm is only loosely attached. 
This differs from the condition in ZPAL 
MegD-HI/1, in which the postdentary bones 
are sculptured and rugose, but no osteoderm 
was found. It also differs from the state in 
all adult ankylosaurs, in which a large oblong 
osteoderm is fused to the ventrolateral sur- 
face of the mandible. This and other char- 
acters noted above indicate that IGM 100/ 
1014 is probably intermediate in age between 
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Fig. 8. 
views. See appendix 4 for abbreviations. Scale bar equals 5 cm. 


the well-known juvenile skull of ZPAL 
MegD-II/1 and adult ankylosaurs. 


PHYLOGENETIC ANALYSIS 


Coombs (1978) proposed that all members 
of the Ankylosauria could be unambiguously 
assigned to one of two families: the Anky- 
losauridae or the Nodosauridae. This classi- 
fication has been widely accepted and is still 
the preferred classification scheme for an- 
kylosaurs (e.g., Sereno, 1986, 1999; Coombs 
and Maryanska, 1990). Some recent authors 
recognize a third clade, Polacanthidae (or Po- 
lacanthinae; see Kirkland, 1998; Blows, 
2001; Carpenter, 2001), members of which 
are usually distinguished on the basis of body 
osteoderm morphology. 

Recently, the discovery of new taxa and 
the subsequent evaluation of new phyloge- 
netic hypotheses have suggested that the re- 
lationships among ankylosaurs may actually 
be far more complex than previously 


Pinacosaurus grangeri. IGM 100/1014. Left hemimandible in buccal (A) and lingual (B) 


thought. In particular, new species such as 
Gastonia burgei (Kirkland, 1998) and Gar- 
goyleosaurus parkpinorum (Carpenter et al., 
1998) exhibit a mosaic of traditionally rec- 
ognized ankylosaurid and nodosaurid char- 
acters. Many putatively “‘derived”’ characters 
of these two ankylosaur families may in fact 
be primitive for the Ankylosauria. For ex- 
ample, one “‘derived”’ state possessed by no- 
dosaurids, caudolateral projection of the par- 
occipital processes, is also present in the 
primitive ankylosaurid Gargoyleosaurus, as 
is a rostrally sloping quadrate that fuses to 
the paroccipital process (Carpenter et al., 
1998). Conversely, the primitive nodosaurid 
Pawpawsaurus exhibits development of or- 
namentations over the squamosal (Lee, 
1996), resulting in a pair of rudimentary 
‘“‘*horns’’, a character state traditionally con- 
sidered autapomorphic for the Ankylosauri- 
dae. This indicates that the constituent fam- 
ilies of the Ankylosauria may have been tra- 
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Strict consensus of 16 equally parsimonious trees found in this cladistic analysis (length = 
0.475; retention index (RI) = 0.700; rescaled consistency index 


(RCI) = 0.332). Node A = Ankylosauria; node B = Nodosauridae; node G = Ankylosauridae. A list 
of the apomorphies at each lettered node is presented in appendix 3. 


ditionally grouped by an abundance of sym- 
plesiomorphies, and not entirely by shared 
derived characters. 

MATERIALS EXAMINED: For the collection 
of character state data, we examined original 
skulls of Ankylosaurus magniventris (AMNH 
5895), Edmontonia rugosidens (DMNH 468 
[= type of Denversaurus schlessmani], 
USNM 11868 [= type of Palaeoscincus ru- 
gosidens|), Euoplocephalus tutus (AMNH 
5223, 5328, 5337, 5403), Gargoyleosaurus 
parkpinorum (DMNH 27726), Nodocephal- 
osaurus kirtlandensis (SMP VP-900), Pina- 
cosaurus grangeri (AMNH 6523, IGM 100/ 
1014, ZPAL MgD-II/1), and Sauropelta ed- 
wardsorum (AMNH 3035). We also exam- 
ined high-quality casts of Animantarx 
ramaljonesi, Ankylosaurus magniventris, 
Gastonia burgei, Panoplosaurus mirus, Paw- 
pawsaurus campbelli, Saichania chulsanen- 
sis, Scelidosaurus harrisonii, and Tarchia gi- 
gantea, as well as original published descrip- 
tions of other thyreophoran taxa. 

A parsimony analysis of 50 cranial char- 
acters was carried out using 21 ankylosaurs 


and three outgroups as terminal taxa. The 
analysis was performed using the heuristic 
search algorithm in PAUP* 4.0b10 (Swof- 
ford, 2000) with TBR branch swapping and 
100,000 replicates. The basal thyreophorans 
Scelidosaurus and Emausaurus and the prim- 
itive stegosaur Huayangosaurus were fixed 
as outgroups, and the tree was rooted by 
comparison to these taxa. Three multistate 
characters described a distinct morphocline 
and were therefore treated as ordered char- 
acters. These are discussed in appendix 1 
(characters 20, 41, and 42). Sixteen equally 
parsimonious trees of 118 steps were found 
(consistency index [CI] = 0.475; retention 
index [RI] = 0.700; rescaled consistency in- 
dex [RCI] = 0.332). A complete list of char- 
acter descriptions is presented in appendix 1, 
the data matrix appears in appendix 2, and a 
list of apomorphies is found in appendix 3. 
The matrix is available in electronic form at 
http://research.amnh.org/vertpaleo/norell. 
html. 

A strict consensus of the 16 most parsi- 
monious cladograms supports certain major 
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divisions of the Thyreophora (fig. 9), but dif- 
fers considerably from recent phylogenetic 
analyses of ankylosaurian relationships (e.g., 
Carpenter et al., 1998; Kirkland, 1998; Hill, 
1999; Sereno, 1999; Carpenter, 2001; Vick- 
aryous et al., 2001a), particularly in the in- 
terrelationships among ankylosaurids. The 
analysis recovers a monophyletic ingroup, 
Ankylosauria, and supports monophyly of 
two major divisions, Ankylosauridae and 
Nodosauridae, as proposed by Coombs 
(1978). Ankylosauria is supported by ten un- 
ambiguous synapomorphies (characters 12, 
15, 23, 24, 28, 34, 36, 41, 46, and 48; see 
appendix 1 for descriptions) and four ambig- 
uous synapomorphies (characters 21, 26, 32, 
and 50). Ankylosauridae is supported by two 
unambiguous synapomorphies: presence of a 
premaxillary notch (character 8) and devel- 
opment of secondary dermal ossifications 
overlying the squamosals (character 42). No- 
dosaurid monophyly is supported by three 
unambiguous synapomorphies (characters 
31, 38, and 43), and three ambiguous syna- 
pomorphies (characters 13, 30, and 49). 

Recent studies have supported a monophy- 
letic Polacanthidae (or Polacanthinae) either 
as a subdivision of Ankylosauridae (Kirk- 
land, 1998) or as the sister taxon to Anky- 
losauridae (Carpenter, 2001). Taxa consid- 
ered to be polacanthids are known primarily 
from postcranial remains, with the notable 
exceptions of Gastonia and Gargoyleosau- 
rus, both known from excellently preserved 
skulls. In the current analysis, as in the anal- 
ysis of Vickaryous et al. (2001a), Gastonia 
and Gargoyleosaurus represent two succes- 
sively more distant sister taxa to the remain- 
ing ankylosaurids; thus, Polacanthidae is 
here resolved as a paraphyletic assemblage 
(contra Kirkland, 1998; Carpenter, 2001). It 
should be noted, however, that this analysis 
is based only on taxa for which cranial re- 
mains are known; inclusion of postcranial 
characters and taxa represented only by post- 
cranial material may affect this result. This 
analysis also found the newly described Gob- 
isaurus to be a primitive ankylosaurid, but 
did not preserve a sister taxon relationship 
between this taxon and Shamosaurus (contra 
Vickaryous et al., 2001a). 

Sullivan (1999) proposed a close relation- 
ship between the North American ankylo- 
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saurid Nodocephalosaurus and the Asian 
taxa Saichania and Tarchia, based on the 
shared presence of bulbous, raised osteo- 
derms on the skull roof. However, Nodoce- 
phalosaurus also shares certain features with 
North American ankylosaurids such as an 
arching snout profile (Tarchia and Saichania 
exhibit a more level skull roof) and a median 
osteoderm that overlies the dorsum of the 
narial region, but does not border the exter- 
nal nares. The current analysis corroborates 
Sullivan’s (1999) interpretation of Nodoce- 
Phalosaurus as a highly derived ankylosaur- 
id, but available data do not allow further 
resolution of the phylogenetic position of this 
taxon. 

Minmi, the only ankylosaur known from 
Australia, has been alternatively interpreted 
as a nodosaurid (Coombs and Maryanska, 
1990), a basal ankylosaurid (Hill, 1999; Ser- 
eno, 1999), and the most basal ankylosaur, 
sister taxon to all remaining ankylosaurs 
(Kirkland, 1998; Carpenter, 2001; although 
Carpenter [2001: 475] incorrectly interpreted 
his own cladogram as placing Minmi as “‘the 
closest sister group to the Nodosauridae’’). 
The current analysis supports the placement 
of Minmi within Ankylosauridae based on 
several synapomorphies, including a relative- 
ly wide skull, a vertically oriented mandib- 
ular ramus of the quadrate, and development 
of secondary dermal ossifications overlying 
the quadratojugals. 

The position of Pinacosaurus in this phy- 
logeny is distinctive in that it has tradition- 
ally been considered a highly derived anky- 
losaurid (e.g., Coombs and Maryariska, 
1990; Kirkland, 1998; Carpenter, 2001). This 
analysis places it basal to a clade containing 
Shamosaurus and Tsagantegia, two genera 
that are considered to be very primitive 
among ankylosaurids. This may be because 
the adult Pinacosaurus lacks many putatively 
derived character states that have previously 
been scored only from the juvenile skull of 
ZPAL MgD-I/1. For example, the skull of 
the adult Pinacosaurus grangeri (AMNH 
6523) is clearly longer than wide, while the 
juvenile skulls (ZPAL MgD-I/1 and IGM 
100/1014) are wider than long. The adult 
also exhibits weakly developed squamosal 
protuberances and an occiput that remains 
visible in dorsal view, and lacks the elaborate 
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cranial ornamentation typical of more highly 
nested ankylosaurids. 

The relationships among five highly de- 
rived ankylosaurids (Ankylosaurus, Euoplo- 
cephalus, Nodocephalosaurus, Shanxia, and 
Tianzhenosaurus) remain enigmatic, owing 
in part to the fragmentary nature of two of 
these taxa (Nodocephalosaurus and Shanx- 
ia), and in part to the sutural fusion and apo- 
morphic cranial anatomy of the most derived 
ankylosaurids. 

One hundred bootstrap replicates of the 
original dataset show 100% support for the 
ingroup Ankylosauria, and high support for 
certain smaller clades. Sixty-nine percent of 
replicates supported the unnamed clade con- 
sisting of all ankylosaurids, exclusive of 
Gargoyleosaurus (fig. 9, node H), and 61% 
supported monophyly of ankylosaurids more 
highly derived than Gargoyleosaurus and 
Gastonia (fig. 9, node I). Monophyly of the 
Nodosauridae, however, was supported by 
less than 50% of bootstrap replicates. This 
may be because certain characters used to 
unite nodosaurids, such as a long narrow 
skull and hemispherical occipital condyle, 
may be primitive for more inclusive clades. 

Bremer support (branch support; Bremer, 
1994) was also relatively high for the in- 
group (eight additional steps were required 
to collapse Ankylosauria) but lower for less 
inclusive clades. Three additional steps were 
required to collapse the clade consisting of 
Gastonia and all other ankylosaurids exclud- 
ing Gargoyleosaurus (fig. 9, node I), and two 
steps each were required to collapse Anky- 
losauridae, Nodosauridae, and the clade con- 
sisting of all ankylosaurids except Gargoy- 
leosaurus (fig. 9, node H). For all other 
nodes, Bremer support values were less than 
two steps. These results underscore the fact 
that while Ankylosauria is robustly supported 
as a monophyletic group, reliable cranial 
synapomorphies of its constituent families 
are few, and support at less inclusive nodes 
is relatively low. 


ONTOGENY 


Several ankylosaur specimens have been 
interpreted as belonging to juvenile individ- 
uals. These specimens provide important in- 
formation about the growth and development 
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of ankylosaurs, but also reveal much about 
their anatomy in general that cannot be stud- 
ied in adults. In the first complete description 
of the pes of Euoplocephalus, Coombs 
(1986) also reported that the specimen 
(AMNH 5266) belonged to a juvenile or sub- 
adult individual. Characters used to distin- 
guish this specimen as such included lack of 
fusion between the neural arches and verte- 
bral centra, lack of fusion between the sacral 
ribs and ilia, smooth surfaces on long bones, 
a femoral head with an indistinct neck, and 
lack of fusion between the lower leg bones 
and proximal tarsal bones. 

Some of these features were also found in 
a juvenile nodosaurid specimen from the 
Paw Paw formation in Texas (Jacobs et al., 
1996). The immature nodosaurid exhibited 
unfused neural arches and pelvic girdle ele- 
ments, as well as an overall small size and 
high amounts of spongy bone, even in me- 
taphyseal ossification centers. Examination 
of this juvenile material was used to evaluate 
the reliability of certain osteological charac- 
ters used in phylogeny reconstruction. Jacobs 
et al. (1996) found that certain typical no- 
dosaurid characters, such as the ventrally an- 
gled, offset occipital condyle and proximally 
located fourth trochanter, could be found in 
individuals estimated to be just one month 
old. Other characters, such as the relative 
proportions of fore and hind limbs, unsur- 
prisingly seem to be subject to ontogenetic 
changes. Jacobs et al. (1996) interpreted the 
absence of osteoderms in the juvenile as an- 
other hallmark of its immaturity, although 
the possibility exists that osteoderms were 
simply not preserved or collected. More re- 
cently described material pertaining to juve- 
nile ankylosaurs includes Anoplosaurus (Per- 
eda-Suberbiola and Barrett, 1999) and Liaon- 
ingsaurus (Xu et al., 2001). Although the lat- 
ter genus includes maxillary fragments, 
well-preserved crania of juvenile ankylosaurs 
remain relatively rare. 

Maryanska (1971) presented a thorough 
description of an unusually well-preserved 
juvenile skull of Pinacosaurus grangeri 
(ZPAL MgD-II/1). Like the Paw Paw juve- 
nile, this skull also lacked the extensive de- 
velopment of osteoderms present in adults. 
As a result, all sutures between cranial bones 
remained visible and unfused. With this de- 
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scription, Maryanska (1971) presented the 
first account of distinct sutural contacts be- 
tween skull elements in an ankylosaur. 
Among the novel characters discovered in 
this unique specimen were the presence of 
‘tabular’ and “‘postfrontal’’ bones, elements 
that are absent in most archosaurs. Addition- 
ally, Maryanska (1977) later reported a su- 
tural contact between the quadratojugal and 
postorbital bones. This differs from the con- 
dition in all other thyreophorans, in which 
the caudal process of the jugal intervenes be- 
tween the two bones. This character has sub- 
sequently been widely accepted as diagnostic 
for Ankylosauria (e.g., Sereno, 1986; 
Coombs and Maryanska, 1990; Lee, 1996). 
The interpretation of this character as diag- 
nostic of a more inclusive clade is problem- 
atic because the contact has been identified 
in one juvenile specimen of one species 
alone. 

In his analysis of the phylogenetic position 
of Pawpawsaurus, Lee (1996) coded quad- 
ratojugal-postorbital contact as present in an- 
kylosaurids, five species of nodosaurids, and 
Pawpawsaurus, despite the fact that, in the 
latter genus, the quadratojugal is “‘complete- 
ly fused so precise boundaries cannot be de- 
termined”? (Lee, 1996: 236). Coombs and 
Maryanska (1990:457) similarly accept the 
character, even though they assert that “‘Su- 
tural boundaries of the skull elements are 
known from a single ankylosaurid skull.” 
The practice of coding higher taxa based on 
the character state observed in a single spec- 
imen is unjustified, as is the coding of un- 
observable character states in specimens of 
other genera. While the contact between 
quadratojugal and postorbital may indeed di- 
agnose Ankylosauria, the sutural contacts of 
all other specimens are obscured either by 
fusion or dermal sculpturing, and are there- 
fore unknown. Thus, this character is best 
omitted from any list of diagnostic features 
of ankylosaurs. 

The new specimen is slightly larger than 
ZPAL MgD-II/1 in all dimensions, and it fea- 
tures several characteristics that indicate it is 
intermediate in age between known juvenile 
and adult skulls. Many of these characters 
relate to the development of ornamentations 
associated with the skull. Postorbital, squa- 
mosal, and quadratojugal protuberances are 
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relatively larger in IGM 100/1014 than in 
other juvenile ankylosaurs, and the orbit is 
relatively smaller. There is a rugose, sculp- 
tured area rostral to the orbits on the dorsal 
surface of the skull. This condition is inter- 
mediate between the smooth nasals of ZPAL 
MgD-H/1 and the highly fused and rugose 
skull roof of the adult Pinacosaurus (AMNH 
6523). Osteoderms associated with the man- 
dible are well developed, but remain unfused 
to the underlying bones. 

The pattern of ornamentations exhibited 
by this specimen supports the hypothesis that 
such structures develop first in the squamosal 
and quadratojugal regions in ankylosaurids 
(Maryanska, 1977), and that these ossifica- 
tions grow toward one another, fusing to the 
dermal skull elements and effectively sealing 
off the lateral temporal fenestra (Sereno, 
1986). Osteoderms overlying the dorsal pro- 
cesses of the premaxillae, and bordering the 
nares dorsally, also appear early in ontogeny 
and fuse to the primary skull elements. 

The development of rugosities on the cau- 
dal extent of the nasal bones in IGM 100/ 
1014 suggests that this region may be the 
next in the ontogenetic sequence to acquire 
osteoderms. While not osteoderms them- 
selves, the rugosities may represent spicules 
of bone that were growing outward to fuse 
with overlying ossifications in the integu- 
ment. Having not fused, or perhaps not even 
completely ossified, the secondary elements 
in this region may have been lost. A similar 
pattern of development may be seen in the 
mandible of ZPAL MgD-II/1, where no os- 
teoderm is preserved, but dermal rugosities 
line the ventrolateral edges of the postden- 
tary bones. It is possible that an increase in 
rugosity of the skull bones always precedes 
extensive mineralization and fusion of sec- 
ondary dermal elements. 

IGM 100/1014 preserves well-developed 
mandibular osteoderms in situ, which remain 
unfused to the underlying bones. A rough- 
ened area is present on the ventrolateral as- 
pect of the postdentary bones, where the os- 
teoderms presumably would have fused. All 
mandibles from adult ankylosaurs have a 
fused, elongate osteoderm in this region. It 
is clear, then, that these elements appear early 
in ontogeny, but do not become fused until 
much later. 
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CONCLUSIONS 


One confounding factor in the analysis of 
ankylosaur phylogeny is the lack of consen- 
sus between authors on certain important 
characters. The problem of inconsistent cod- 
ing suggests that some characters may be in 
need of revision. In addition, characters such 
as the slope of the quadrate or the orientation 
of narial opening are continuous characters, 
which are difficult to code without arbitrarily 
dividing character states. Clearly these char- 
acters need to be reformulated before they 
can be used effectively in phylogenetic anal- 
ysis. 

Another avenue for future research will be 
the incorporation of postcranial data into the 
analysis. Postcranial remains exist for most 
ankylosaurian genera. Carpenter et al. (1998: 
783) suspect that postcranial data will con- 
tribute little to phylogenetic analysis, be- 
cause “‘many of the characters separating the 
two ankylosaur families are cranial.’’ How- 
ever, as Kirkland (1998) has shown, an entire 
clade of ankylosaurs may be supported by 
postcranial characters alone. The addition of 
postcranial characters may therefore resolve 
the phylogenetic positions of ambiguously 
placed taxa, yielding a more robust hypoth- 
esis of the interrelationships of ankylosaurs. 

Until recently, all ankylosaurid genera 
were considered monotypic (Sullivan, 1999). 
The discovery of new specimens of Pina- 
cosaurus grangeri and the new species P. 
mephistocephalus (Godefroit et al., 1999) 
suggests that a reevaluation of all specimens 
referred to the genus is in order. The speci- 
men described herein is significant because 
it is developmentally intermediate between 
known specimens of P. grangeri, and there- 
fore represents a contribution to an ontoge- 
netic series of these animals. Continued col- 
lection in the fossiliferous Djadokhta-like 
beds of the southern Gobi Desert may yield 
a more complete ontogenetic series of these 
ankylosaurs, similar to the well known series 
of Protoceratops andrewsi collected from the 
same localities (e.g., Brown and Schlaikjer, 
1940; Dodson, 1975). 
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APPENDIX 1 


CHARACTER LIST 


Characters used in this study are described, and 
the coding of character states explained. Similar- 
ity of characters in the current study to those used 
in previous analyses is noted, citing the author 
and (where applicable) the character number used 
in the analysis. 

1. Maximum skull width relative to maxi- 
mum skull length: less than (0); greater than (1) 
(Sereno, 1986; Coombs and Maryanska, 1990; 
Carpenter et al., 1998, no. 1; Kirkland, 1998, no. 
2; Sereno, 1999, no. 94; Carpenter, 2001, no. 2; 
Vickaryous et al., 200la, no. 1). Derived anky- 
losaurids exhibit a condition in which the maxi- 
mum skull width equals or exceeds its maximum 
rostrocaudal length. All other thyreophorans pos- 
sess a skull that is longer than it is wide. 

2. Highest point of skull roof: caudal to orbits 
(0); above orbits (1); rostral to orbits (2) (Sereno, 
1986; Carpenter et al., 1998, no. 23; Kirkland, 
1998, no. 3; Sereno, 1999, no. 99; Carpenter, 
2001, no. 3; Vickaryous et al., 200la, no. 2). 
Some derived ankylosaurids have a highly arching 
skull profile that reaches its zenith well rostral to 
the orbits, when seen in lateral view with the max- 
illary tooth row horizontal. Others have a skull 
roof that is relatively level. Nodosaurids and other 
thyreophorans have a skull roof that slopes grad- 
ually rostrally from its highest point in the post- 
orbital region. 

3. Premaxillary palate wider than long: ab- 
sent (0); present (1) (Sereno, 1986; Coombs and 
Maryanska, 1990; Kirkland, 1998, no. 4; Carpen- 
ter, 2001, nos.41, 42, 49; Vickaryous et al., 2001a, 
no. 13). Primitively, thyreophorans have a long, 
narrow snout that terminates in a narrow beak 
formed by the premaxillae. This lends the pre- 
maxillary palate a shape that is rostrocaudally 
long and transversely narrow. This condition per- 


sists in all nodosaurids. All but the most primitive 
ankylosaurids exhibit a transverse expansion of 
the premaxillary palate that is wider than long. 

4. Premaxillary teeth: present (0); absent (1) 
(Lee, 1996, no. 19; Carpenter et al., 1998, no. 15; 
Kirkland, 1998, no. 20; Carpenter, 2001, nos.40, 
50; Vickaryous et al., 2001a, no. 17). Primitively, 
thyreophorans possess teeth in the premaxilla. 
Premaxillary teeth are not present in derived 
members of the Nodosauridae and Ankylosauri- 
dae. 

5. External nares facing rostrally: absent (0); 
present (1) (Coombs and Maryanska, 1990; Car- 
penter et al., 1998, no. 10; Kirkland 1998, no. 11; 
Carpenter, 2001, no. 51; Vickaryous et al., 2001a, 
no. 23). Primitive thyreophorans and stegosaurs 
have laterally facing external nares. This condi- 
tion persists in the Nodosauridae and some prim- 
itive ankylosaurids. Most derived ankylosaurids 
have nares that face rostrally. It should be noted 
that many taxa have nares that seem to face ros- 
trolaterally, and thus an arbitrary decision must 
be made as to their true orientation. In addition, 
variation in ossification of the narial osteoderms 
can affect the orientation of the bony nostril. This 
character could benefit from an attempt to quan- 
tify the position of the naris in space relative to 
other cranial elements. 

6. Accessory openings in the narial region: 
absent (0); present (1) (Sereno, 1986; Coombs and 
Maryanska, 1990). The external nares are the only 
openings in the narial region of most thyreophor- 
an taxa. However, in the derived Asian ankylo- 
saurids Pinacosaurus and Saichania, accessory 
openings are present, communicating with a sinus 
in the premaxilla. Struts of bone formed by the 
premaxillae define a variable number of such 
openings. 
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7. Fused osteoderms present on premaxilla: 
absent (0); present (1) (Kirkland, 1998, no. 21). 
The premaxilla is devoid of osteoderms in prim- 
itive thyreophorans and many ankylosaurid taxa. 
In other ankylosaurids, as well as most nodosaur- 
ids, osteoderms are present on the outer surface 
of the premaxilla. 

8. Rostral edge of premaxilla with broad, 
ventrally concave notch in rostral view: absent 
(O); present (1) (Kirkland, 1998, no. 5; Sereno, 
1999, no. 91; Carpenter, 2001, no. 5; Vickaryous 
et al., 2001a, no. 15). Presence of a ventrally con- 
cave premaxillary notch is known in Gastonia and 
Gargoyleosaurus. Other thyreophorans exhibit a 
straight rostral premaxillary margin. 

9. Ventral margin of premaxilla in lateral 
view: flat (0); convex (1); concave, resulting in a 
sharp premaxillary beak (2). Primitively, thyreo- 
phorans have a premaxillary beak edge that is flat 
in lateral view. Certain nodosaurids exhibit a pen- 
dulous, rounded premaxillary profile. Some Asian 
ankylosaurids have a premaxilla that is concave 
ventrally, forming a sharp beak in lateral view. 

10. Continuous edge formed by the premax- 
illary beak and maxillary tooth rows: present 
(0); absent (1) (Sereno, 1986; Carpenter et al., 
1998, no. 14; Kirkland, 1998, no. 6 [in part]; Car- 
penter, 2001, no. 9). In thyreophorans primitively 
the edge of the premaxilla grades directly into the 
tooth rows of the maxilla. This condition persists 
in nodosaurids, even where the tooth rows are 
deeply emarginated, and no premaxillary teeth are 
present. In ankylosaurids, the widening of the pre- 
maxillary palate results in a disruption of this con- 
tinuous edge. This relates directly to other char- 
acters, such as width of the premaxilla and ob- 
scuring of the rostral maxillary teeth. 

11. Rostralmost maxillary teeth obscured in 
lateral view by processes of the premaxilla: ab- 
sent (0); present (1) (Sereno, 1986; Sereno, 1999, 
no. 100). The rostralmost maxillary teeth are hid- 
den in lateral view by extensions of the caudo- 
ventral edge of the premaxillae in derived anky- 
losaurids. Nodosaurids and other thyreophorans 
lack these expanded premaxillary processes, and 
their rostralmost maxillary teeth are visible in lat- 
eral view. 

12. Maxillary tooth rows deeply inset from 
lateral edge of skull: absent (0); present (1) (Ser- 
eno, 1986; Lee, 1996, no. 4; Carpenter at al., 
1998, no. 16; Vickaryous et al., 2001la, no. 22). 
Stegosaurs and basal thyreophorans resemble oth- 
er ornithischians in having maxillary tooth rows 
that are only modestly inset from the lateral edge 
of the maxilla. The maxillary tooth rows of an- 
kylosaurs are deeply displaced medially (i.e., 
emarginated) from the edge of the skull. 

13. Maxillary tooth rows deeply concave lat- 
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erally, outlining an hourglass shape: absent (0); 
present (1) (Sereno, 1986; Lee, 1996, no. 8; Car- 
penter et al., 1998, no. 25; Kirkland, 1998, no. 9; 
Carpenter, 2001, no. 13; Vickaryous et al., 2001a, 
no. 18). Within Ankylosauria, nodosaurids exhibit 
a constriction of the maxillary tooth rows near the 
premaxillary-maxillary suture that outlines an 
hourglass shape in the palatal region. Ankylo- 
saurids, as well as other thyreophorans, tend to 
have straight or very slightly curved tooth rows 
in the maxillae. 

14. Nasal septum dividing the respiratory 
passage into two separate bony canals: absent 
(O); present (1) (Sereno, 1999, no. 57; Carpenter, 
2001, no. 72). In stegosaurs and basal thyreo- 
phorans the respiratory passages are confluent 
above the palate. Ankylosaurs exhibit the devel- 
opment of a bony nasal septum that separates at 
least part of the respiratory passage into two dis- 
crete canals. CTs show, however, that the sepa- 
ration is not complete throughout their length in 
either nodosaurids or ankylosaurids. 

15. Closure of antorbital fenestra: absent (0); 
present (1) (Sereno, 1999, no. 53; Carpenter, 
2001, no. 6). In all thyreophorans the antorbital 
fenestra is reduced by extensions of the lacrimal, 
maxillary, and jugal bones. In ankylosaurs and de- 
rived stegosaurs, the fenestra is completely closed 
by these bones. 

16. Accessory antorbital ossification(s) com- 
pletely separating orbit and antorbital cavity: 
absent (0); present (1) (Sereno, 1986; Lee, 1996, 
no. 5; Sereno, 1999, no. 62). In all ankylosaurs, 
there is at least some development of a bony ros- 
tral orbital wall that separates the orbit from the 
adjacent nasal passage. In some taxa, this wall is 
solid and completely separates the two cavities. In 
others, such as Pawpawsaurus and Pinacosaurus, 
the rostral orbital wall is perforated so that the 
orbit is confluent with the nasal passages. Primi- 
tive thyreophorans exhibit an open rostral orbital 
wall. 

17. Median palatal keel composed of the vo- 
mer and pterygoid: absent or weakly developed 
(O); extending ventrally to level of maxillary tooth 
crowns (1) (Sereno, 1986; 1999, no. 59). The vo- 
mers and pterygoids contribute to a median pal- 
atal keel that is flattened mediolaterally. In stego- 
saurs and basal thyreophorans, this keel is only 
weakly developed. In ankylosaurs, it extends ven- 
trally, to the level of the maxillary alveolar mar- 
gin (i.e., to the bases of the tooth crowns). 

18. Extension of the vomerine septum: in- 
complete (0); extending to palatal shelves (1); ex- 
tending to skull roof (2) (Lee, 1996, no. 14; Car- 
penter et al., 1998, no. 17; Carpenter, 2001, no. 
11). In Scelidosaurus the sagittal vomerine sep- 
tum separates the air passages incompletely, such 
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that the vomer has no contact with bones dorsal 
or ventral to it. This condition can be found in 
certain primitive nodosaurids as well. Other no- 
dosaurids possess a septum that reaches as far 
dorsally as the skull roof, thereby dividing the re- 
spiratory tract completely. In ankylosaurids where 
the condition is known, the vomerine septum 
reaches the palatal shelves, above which the nasal 
septum divides the respiratory passageway. It is 
unclear how this character relates to the presence 
of a nasal septum and the actual division of the 
respiratory tract. 

19. Paired premaxillary, maxillary and nasal 
sinuses: absent (0); present (1) (Sereno, 1986 [in 
part]; Coombs and Maryanska, 1990 [in part]; 
Carpenter, 2001, no. 52; Vickaryous et al., 2001a, 
no. 26). Paired cranial sinuses are known in cer- 
tain members of the Ankylosauridae, but can be 
detected only through fortuitous breakage, sec- 
tioning, or CT scans. 

20. Secondary palate: incomplete or absent 
(O); present and flat, reaching as far as the second 
or third maxillary tooth (1); present and composed 
of two palatal shelves, describing S-shaped respi- 
ratory route (2) (Coombs and Maryanska, 1990; 
Lee, 1996, no. 15; Carpenter et al., 1998, no. 18; 
Kirkland, 1998, no. 6 and no. 12 [in part]; Car- 
penter, 2001, nos.56, 71; Vickaryous et al., 2001a, 
no. 21). Thyreophorans primitively possess a 
straight and direct respiratory pathway and lack a 
secondary palate. This condition is retained in 
primitive nodosaurids and in Gargoyleosaurus. 
Derived nodosaurids like Edmontonia show de- 
velopment of a secondary palate that forms the 
ventral boundary of the respiratory tract. Derived 
ankylosaurids have a complex system of palatal 
shelves (comprising a long rostrodorsal shelf and 
a shorter caudoventral shelf) that describes a sin- 
uous respiratory route. 

21. Pterygoid foramen: absent (0); present (1) 
(Lee, 1996, no. 17 [in part]). A small foramen in 
the ventral surface of the pterygoid is present in 
many ankylosaurids and certain nodosaurids, such 
as Pawpawsaurus. The function of this foramen 
is to transmit a neurovascular bundle (see above). 

22. Space between palate and braincase (i.e., 
interpterygoid vacuity): open (0); closed (1) 
(Lee, 1996, no. 17 [in part]; Sereno, 1999, no. 61). 
Lee (1996) noted that the space between the pal- 
ate and braincase is closed in ankylosaurians by 
the development of vertically oriented pterygoid 
bones. In Pawpawsaurus, however, the space re- 
mains open. Lee relates this to the presence of a 
smaller, more rostrally placed pterygoid foramen 
that is present in many ankylosaurids. We tenta- 
tively retain this character. 

23. Dorsoventrally narrow pterygoid ramus 
of the quadrate: absent (0); present (1) (Sereno, 
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1986). A pterygoid ramus that is dorsoventrally 
short is thought to be a synapomorphy of the An- 
kylosauria. The ramus is still laminar and more or 
less vertical as in tetrapods generally. 

24. Quadrate shaft angled strongly rostro- 
ventrally: absent (QO); present (1) (Lee, 1996, no. 
10; Carpenter et al., 1998, no. 20; Kirkland, 1998, 
no. 14). A strong rostroventral slant to the quad- 
rate is present in nodosaurids. This condition may 
be correlated with the observed ventral inclination 
of the occipital condyle and other characters re- 
lated to the head posture thought to have been 
adopted by nodosaurids (Lee, 1996). Ankylosaur- 
ids and other thyreophorans tend to have a verti- 
cal, pillarlike quadrate. 

25. Quadrate excavated rostrally: absent (0); 
present (1) (Sereno, 1986; Coombs and Maryan- 
ska, 1990; Lee, 1996, no. 12; Carpenter, 2001, no. 
69; Vickaryous et al., 2001la, no. 38). All anky- 
losaurs have a quadrate that is rostrocaudally nar- 
row (i.e., “‘flattened’’). Nodosaurids exhibit ex- 
cavation of the rostral surface of the quadrate that 
may be related to space demands for the attach- 
ment of jaw adductor musculature in the infratem- 
poral fossa (Lee, 1996). 

26. Quadrate fused to paroccipital process: 
absent (0); present (1) (Carpenter et al., 1998, no. 
13; Carpenter, 2001, no. 55; Vickaryous et al., 
2001a, no. 39). Many nodosaurids and Gargoy- 
leosaurus exhibit fusion of the paroccipital pro- 
cess to the quadrate. In primitive thyreophorans, 
as well as derived ankylosaurids, there is an abut- 
ting or sutural contact. 

27. Paroccipital processes projecting caudo- 
laterally: absent (QO); present (1) (Carpenter et al., 
1998, no. 11; Kirkland, 1998, no. 18; Vickaryous 
et al., 2001a, no. 33). Most ankylosaurids possess 
paroccipital processes that project laterally, per- 
pendicular to the rostrocaudal axis of the skull. 
Nodosaurids, however, tend to have paroccipital 
processes that are angled caudolaterally. This con- 
dition is also present in Gargoyleosaurus. 

28. Occiput rectangular and wider than 
high: absent (0); present (1) (Sereno, 1986; 
Coombs and Maryanska, 1990; Lee, 1996, no. 1; 
Sereno, 1999, no. 52; Carpenter, 2001, no. 1). The 
presence of a rectangular occipital region that is 
wider than it is high unites the Ankylosauria to 
the exclusion of all other thyreophorans. 

29. Hemispherical occipital condyle: absent 
(O); present (1) (Sereno, 1986 [in part]; Coombs 
and Maryanska, 1990 [in part]; Lee, 1996, no. 9 
[in part]; Carpenter et al., 1998; no. 26; Sereno, 
1999, no. 81; Vickaryous et al., 200la, no. 35). 
The shape of the occipital condyle varies within 
Thyreophora, but most can be clearly described 
as hemispherical or crescentic (reniform). A 
hemispherical occipital condyle has been consid- 
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ered a diagnostic character of Nodosauridae, but 
its presence in certain ankylosaurids suggests this 
character state may be primitive for Ankylosauria. 

30. Occipital condyle formed exclusively by 
the basioccipital: absent (0); present (1) (Sereno, 
1986 [in part]; Coombs and Maryanska, 1990 [in 
part]; Lee, 1996, no. 9 [in part]; Sereno, 1999, no. 
82; Vickaryous et al., 200la, no. 34). In nodo- 
saurids, the occipital condyle is composed exclu- 
sively of the basioccipital. This condition is pre- 
sent in some ankylosaurids, but in many the ex- 
occipitals also contribute to the condyle. 

31. Occipital condyle set off from the ventral 
braincase by a distinct neck: absent (0); present 
(1) (Sereno, 1986 [in part]; Coombs and Maryan- 
ska, 1990 [in part]; Lee, 1996, no. 9 [in part]; 
Kirkland, 1998, no. 16; Sereno, 1999, no. 82). 
The presence of a distinct and constricted “‘neck”’ 
separating the articular surface of the occipital 
condyle from the braincase has long been consid- 
ered a diagnostic feature of Nodosauridae. This 
character is often subsumed by composite char- 
acters that describe other morphological features 
of the occipital condyle. The presence of a neck 
is difficult to assess in many specimens, and it is 
sometimes unclear as to whether a neck simply 
refers to an excavated area around the rostroven- 
tral edge of the condyle. We tentatively retain this 
character. 

32. Occipital condyle angled ventrally from 
plane of maxillary tooth rows: absent (0); pre- 
sent (1) (Sereno, 1986 [in part]; Coombs and Mar- 
yanska, 1990 [in part]; Lee, 1996, no. 9 [in part]; 
Sereno, 1999, no. 82; Vickaryous et al., 2001a, 
no. 36). Most nodosaurids possess an occipital 
condyle that is angled ventrally at about 50° from 
the plane of the maxillary tooth rows. Ankylo- 
saurids and other thyreophorans have an occipital 
condyle that extends caudally from the basicra- 
nium in a plane parallel to that of the maxillary 
tooth rows. 

33. Occipital condyle and paroccipital pro- 
cesses obscured in dorsal view by overhanging 
skull roof: absent (0); present (1) (Carpenter et 
al., 1998, no. 12; Kirkland, 1998 no. 25; Vickar- 
yous et al., 2001a, no. 12). Primitively in thyreo- 
phorans the occipital condyle and paroccipital 
processes are visible in dorsal view. This condi- 
tion persists in nodosaurids, but the extensive 
growth of the squamosal dermal ossifications in 
derived ankylosaurids obscures the occiput when 
viewed dorsally. This character may change with 
ontogeny, as juvenile specimens of Pinacosaurus 
grangeri exhibit the primitive condition, while the 
adult holotype exhibits the derived state. 

34. Closure of supratemporal fenestra: ab- 
sent (O); present (1) (Lee, 1996, no. 2; Sereno, 
1999, no. 54; Carpenter, 2001, no. 7). The upper 
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temporal fenestra remains open in stegosaurs and 
in basal thyreophorans. In all ankylosaurs, the up- 
per temporal fenestra is closed by extensions of 
the squamosal, postorbital, and parietal bones. 

35. Lateral temporal fenestra: open (0); 
closed (1) (Carpenter et al., 1998, no. 6). The lat- 
eral temporal fenestra is open in primitive thyreo- 
phorans and all nodosaurids. Closure of this fe- 
nestra occurs in ankylosaurids by fusion of the 
quadratojugal and squamosal dermal ossifications. 

36. Obliteration of cranial sutures in adults, 
involving fusion and dermal sculpturing of the 
outer surface of most of the dermal skull roof: 
absent (0); present (1) (Sereno, 1986; Lee, 1996, 
no. 3; Sereno, 1999, no. 63). Fusion of the der- 
matocranium such that the sutures are completely 
obliterated in adults is an autapomorphy of the 
Ankylosauria. In addition, osteoderms fuse to the 
dermal skull roof, further obscuring relationships 
between individual skull bones. In other adult thy- 
reophorans, sutures can be identified, and there is 
no fusion of secondary dermal elements to the 
underlying skull table. 

37. Large subcircular dermal ossification 
covering most of the skull roof between the or- 
bits: absent (0); present (1) (Sereno, 1986 [in 
part]; Coombs and Maryariska, 1990 [in part]; 
Lee, 1996, no. 21; Carpenter et al., 1998, no. 9; 
Kirkland, 1998, no. 27; Sereno, 1999, no. 84 [in 
part]; Vickaryous et al., 200la, no. 8). A large 
subcircular plate is observed on the skull roof be- 
tween the orbits in the derived nodosaurids Ed- 
montonia and Panoplosaurus. Other nodosaurids, 
ankylosaurids, stegosaurs, and basal thyreophor- 
ans lack this plate. It should be noted that not all 
specimens of Edmontonia show development of 
this plate, the region being covered by two to four 
smaller ossifications. This indicates that second- 
ary dermal ossifications over the skull roof may 
be quite variable, and their taxonomic importance 
may have been oversimplified in previous analy- 
ses. 

38. Rostrocaudally narrow dermal ossifica- 
tion along the posterior border of the skull 
roof: absent (0); present (1) (Sereno, 1986 [in 
part]; Lee, 1996, no. 20; Kirkland, 1998, no. 28; 
Carpenter, 2001, no. 68; Vickaryous et al., 2001a, 
no. 11). A rostrocaudally narrow plate lines the 
most caudal edge of the skull roof in many prim- 
itive and derived nodosaurids. The plate is absent 
in ankylosaurids and other thyreophorans. 

39. Pair of large, subrectangular osteoderms 
at caudal edge of skull roof: absent (0); present 
(1). A pair of large, subrectangular osteoderms on 
the caudal edge of the skull roof is a synapomor- 
phy of the Mongolian ankylosaurids Tarchia and 
Saichania. 

40. Raised, polyhedral dermal ossifications 
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on skull roof: absent (0); present (1) (Kirkland, 
1998, no. 31; Carpenter, 2001, no. 57). The ce- 
phalic dermal ossifications of most ankylosaurians 
are dorsoventrally flattened and thus conform 
closely to the contours of the underlying skull 
bones. In the derived Mongolian ankylosaurids 
Tarchia and Saichania, and in the recently de- 
scribed North American genus Nodocephalosau- 
rus, these ossifications exhibit a great deal of re- 
lief, and have been variously described as pyra- 
midal, bulbous, or inflated. 

41. Secondary dermal ossification, projecting 
ventrolaterally from the quadratojugal region: 
absent (O); present and rounded (1); present and 
wedge-shaped (2) (Carpenter et al., 1998, no. 5; 
Kirkland, 1998, no. 24; Carpenter, 2001, no. 44; 
Vickaryous et al., 2001la, no. 7). Most ankylosau- 
rians possess some degree of ornamentation over- 
lying the quadratojugal bones. In nodosaurids, the 
element is weakly developed or gently rounded. 
In derived ankylosaurids, however, this ossifica- 
tion is prominent and wedge-shaped and has been 
referred to by some authors as a jugal ‘“‘horn”’ 
(e.g., Carpenter et al., 1998). A further derived 
condition exists in Nodocephalosaurus, in which 
the jugal “‘horn’”’ projects rostroventrally (Sulli- 
van, 1999), 

42. Secondary dermal ossification, projecting 
caudolaterally from the squamosal region: ab- 
sent (0); present as weakly developed pyramid 
(1); present as prominent, wedge-shaped or py- 
ramidal structure (2); present as narrow, elongated 
spines (3) (Carpenter et al., 1998, no. 3; Kirkland, 
1998, no. 13; Vickaryous et al., 2001la, no. 6). 
Primitively, thyreophorans lack secondary dermal 
ossifications on the skull. Dermal ossifications are 
weakly developed in certain primitive nodosaur- 
ids, but ankylosaurids have developed a pair of 
prominent, wedge-shaped or pyramidal dermal os- 
sifications over the squamosals, forming what 
some authors call postorbital ‘“‘horns’’. These os- 
sifications may join those overlying the quadra- 
tojugal along the side of the skull, thereby hiding 
the lateral temporal fenestra, paroccipital process- 
es, and most of the quadrate in lateral view. How- 
ever, because certain ankylosaurs exist with 
closed lateral temporal fenestrae but no squamosal 
‘“*horns’’, we consider these to be independent 
characters. 

43. Median dermal ossification overlying 
dorsum of nasal region: absent (0); present (1) 
(Sereno, 1986 [in part]; Vickaryous et al., 2001a, 
no. 9). A large, median dermal ossification over- 
lies the nasal region in most nodosaurids, forming 
the dorsal border of the naris. This condition also 
occurs in certain ankylosaurids. Other ankylo- 
saurids have a mosaic of small dermal ossifica- 
tions in this region. 
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44. Two pairs of dermal ossifications border- 
ing the external nares: absent (0); present (1) 
(Sereno, 1986 [in part]; Carpenter et al., 1998, no. 
2). The presence of two pairs (one rostromedial, 
the other caudolateral) of dermal ossifications bor- 
dering the external nares is a condition found only 
in certain derived members of the Ankylosauri- 
dae. 

45. Tooth crowns with cingulum: absent (0); 
present (1) (Carpenter et al., 1998 no. 21; Kirk- 
land, 1998 no. 21; Carpenter, 2001, no. 14; Vick- 
aryous et al., 2001a, no. 19). Derived members of 
the families Ankylosauridae and Nodosauridae 
possess bandlike cingula around the bases of the 
maxillary and dentary teeth. The teeth of basal 
thyreophorans, primitive nodosaurids, and primi- 
tive ankylosaurids lack a cingulum. 

46. Closure of external mandibular fenestra: 
absent (0); present (1). The external mandibular 
fenestra is open in Emausaurus and in stegosaurs. 
All ankylosaurs exhibit closure of this fenestra. 

47. Coronoid process very low and rounded, 
projecting only slightly above the level of the 
dentary tooth row: absent (O); present (1) (Sereno, 
1986; Carpenter et al., 1998, no. 24; Sereno, 1999, 
no. 108; Carpenter, 2001, no. 63). The presence of 
a low coronoid process that barely projects above 
the level of the dentary tooth row has been con- 
sidered a synapomorphy of the most derived an- 
kylosaurids (Sereno, 1999). However, the presence 
of this character state in the basal thyreophoran 
Emausaurus indicates that this may be the primi- 
tive condition for ankylosaurs. Nodosaurids pos- 
sess a more prominent coronoid process. 

48. Elongate osteoderm fused to the ventro- 
lateral aspect of the mandible in adults: absent 
(O); present (1) (Sereno, 1986; Coombs and Mar- 
yanska, 1990; Sereno, 1999, no. 65; Carpenter, 
2001, no. 19). The fusion of a rostrocaudally long 
osteoderm to the ventrolateral edge of the lower 
jaw is diagnostic of Ankylosauria. No other thy- 
reophoran exhibits development of an osteoderm 
in this position. The new juvenile Pinacosaurus 
grangeri skull (IGM 100/1014) has long, sub- 
triangular osteoderms associated with the mandi- 
ble on both sides. These osteoderms are not, how- 
ever, fused to the underlying dentary and post- 
dentary bones. This indicates that fusion of osteo- 
derms occurs relatively late in ontogeny, although 
the osteoderms themselves may already be well 
developed. 

49. Sinuous ventral margin of mandible, 
which parallels the sinuosity of the dorsal mar- 
gin in lateral view: absent (0); present (1) (Ser- 
eno, 1986; Coombs and Maryanska, 1990; Ser- 
eno, 1999, no. 85; Carpenter, 2001, no. 62, 75). 
A sinuous ventral margin of the mandible, ending 
in a downturned mandibular symphysis, is an au- 
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tapomorphy of Nodosauridae. Ankylosaurids and 
other thyreophorans have a relatively straight ven- 
tral dentary margin. 

50. Predentary ventral process very short: 
absent (0); present (1) (Sereno, 1986; Sereno, 
1999, no. 66). The great reduction in the size of 
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the predentary bone led Huene (1948) to coin the 
term Apraedentalia for the ankylosaurs. Although 
not completely lacking the bone, as this name 
suggests, ankylosaurs exhibit reduction, especially 
in the median ventral process, relative to other 
thyreophorans. 


APPENDIX 2 
TAXON-CHARACTER MATRIX? 











Character 

1 $ 1111111112 2222222223 3333333334 4444444445 
Taxon 1234567890 1234567890 1234567890 1234567890 1234567890 
Scelidosaurus 0027022722??? 2?002700?7???70 ??700??7007? ?2??70000000 000000100? 
Emausaurus 0000200700 002720227??? 2272272727202? 22700000000 000000100? 
Huayangosaurus 0000000000 0007071??? 0700701010 0000000000 0000000000 
Gargoyleosaurus 0000000100 0100171000 ??7271?71111? 0101010000 220101010? 
Gastonia 0111000111 01027171771 1272717270100 0101010000 11000???7?? 
Gobisaurus 0101110101 1101171712 ?01011110? 1101110000 110?70????? 
Shamosaurus 01010270021 110271727721 22722721110? ??711110000 1100?71110? 
Tsagantegia 01111?0021 110117172? ?121?710101 ?111110000 11001?7???? 
Talarurus Q01?112???70? 227271127727? 2272727272727??? #+2?101110000 210011711? 
Minmi 1122727222??? 01027172727??? ?2?20?7?70101 0001100000 2100110720? 
Pinacosaurus 0211110001 1101101111 1010100111 0101110000 2P01111101 
Tarchia 11111270021 1107101112 1110100101 0001110011 2300011101 
Saichania 1111111021 0101111112 1111710101 0111110011 2300111101 
Tianzhenosaurus 11111002721 11027171727? ??2?7?700100 0111110011 2211177??? 
Nodocephalosaurus 212127?7?12?7?1 210711177? 2?77727?2?7?7?11 0771110001 22177777??? 
Shanxia PPPPPPP P27? PPPPPP?PP?P? 2P??7?2?2??70101 0111717000 227777727? 
Ankylosaurus 1211001001 1101111112 1111000101 0111110000 221101110? 
Euoplocephalus 1211110001 1101111112 1111010101 0111110000 2201111101 
Pawpawsaurus 0000000000 0117101070 1011111111 1101010100 10100????? 
Silvisaurus 000000??710 0107112270 ?11112711?1 1101117700 1027?711??1? 
Sauropelta 0071002??? O017?7112?2?0 ?111111111 1101011100 10?011011? 
Panoplosaurus 0001000000 01171122?1 ?111111111 1101111100 1010111101 
Edmontonia 000100?000 011?711?72?1 ?111111111 0101011000 101011011? 
Animantarx P2PPP2PPPP? PPPPP?P?P?P?? 72P2?7177011? 0101011700 107771011? 


@? = missing data; 0-3 = character states (see appendix 1); P = polymorphism (states 1 & 3). 
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APPENDIX 3 
APOMORPHY LIST 


List of apomorphies for all ingroup taxa. Let- 
ters indicate nodes designated in figure 9. As 
many character states are unknown owing to the 
non preservation of complete skulls for all taxa, 
the optimization of some characters is ambiguous. 
These characters are indicated with an ‘“‘a’’ when 
supported by ACCTRAN or fast optimization, and 
with a ‘“‘d’’ when supported by DELTRAN or 
slow optimization. Reversals are indicated by a 
minus sign, and character states other than O or 1 
are indicated in parentheses. Only characters 20, 


41, and 42 were ordered. 


Node A (Ankylosauria): 12, 15, 21d, 23, 24, 26d, 
28, 30a, 32d, 34, 36, 41, 46, 48, 50d 


Node B (Nodosauridae): 13a, 30d, 31, 38, 43, 49a 
Node C: 16, 18(2), 22, 37a, 45, 49d 

Node D: 4, 37d 

Node E: 13d, 20 

Node F: —31, 38a 

Node G (Ankylosauridae): 8, 42 

Node H: 2, 3a, 4, 10, 14a, 18a, 19a, 20, —27a, —29 
Node I: 5, 6, lla, 14d, 19d, —24, 35 

Node. J: —8a,..—26a, =27d; 30d; -412): 45 

Node K: 3d, —8d, 11d, 18d, 47 

Node L: 16, 22a, 24a, —25a 

Node M: 9a (2), 22d, 24d, 33 

Node N: 1, 20(2), 42(2), 43a, 44 

Node O: 9d(2), 26a, 41 

Node P: 9d(2), 20a(2), 25a, 39, 40, 42(3), —43a, 44 





APPENDIX 4 
ABBREVIATIONS 


A aperture A in the narial region, 
homologous to the bony or true 
external naris 

ang angular 

art articular 

aw airway, nasal passage 

B structure B in the narial region 

bo basioccipital 

C, C,, C,, C; aperture C in the narial region, 
divided into subsidiary openings 
in some skulls 

ch choana 

cvp pd caudoventral process of preden- 
tary 

d dentary 

ect ectopterygoid 

f frontal 

fm foramen magnum 

j jugal 

la lacrimal 

lom lateral osteodermal mass cover- 
ing narial region 

lvr lateral recess of nasal vestibule 
within lateral osteodermal mass 

mf mandibular fossa 

mo mandibular osteoderm 

mom medial osteodermal mass cover- 
ing narial region 

ms Meckelian sulcus 

mvr medial recess of nasal vestibule 
within medial osteodermal mass 

mw possible medial wall to structure B 

mx maxilla 


mxo maxillary osteoderm 

n nasal 

oon osteoderms overlying nasal bone 

oop osteoderms overlying parietal 
bone 

ooqj osteoderms overlying quadrato- 
jugal 

oosq osteoderms overlying squamosal 

or orbit 

p parietal 

pal palatine 

pmx premaxilla 

pmx s premaxillary sinus 

po postorbital 

pop paroccipital process 

p pmx palatal process of premaxilla 

pre prearticular 

prf prefrontal 

pt pterygoid 

ptpal pterygopalatine fenestra 

q quadrate 

qj quadratojugal 

rec pal pneumatic recess within palatine 
bone 

san surangular 

SO supraorbital ossification 

sop supraoccipital 

sp splenial 

sq squamosal 

sym mandibular symphysis 

Vv nasal vestibule 

Vv pmx f ventral premaxillary foramen 

vpt fused vomeropterygoid element 
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